The influence of monoatomic steps and defects on the methanation reaction over ruthenium has been investigated. The experiments are performed on a Ru(0 1 54) ruthenium single crystal, which contains one monoatomic step atom for each 27 terrace atoms. The methanation activity is measured at one bar of hydrogen and CO in a high pressure cell, which enables simultaneous measurements of the local reactivity of the well defined single crystal surface and the global reactivity of the entire crystal and its auxiliary support. By adding sulfur we observe that the measured activity from the well defined stepped front-side of the crystal is poisoned faster than the entire crystal containing more defects. We also observe that additional sputtering of the well-defined front-side increases the reactivity measured on the surface. Based on this, we conclude that the methanation reaction takes place on undercoordinated sites, such as steps and kinks, and that the methanation reaction is extremely structure dependent. Simulations of the flow, temperature, and product distributions in the high pressure cell are furthermore presented as supplementary information.
Introduction
The understanding and description of the nature of the active site in heterogeneous catalysis has been an interesting topic for almost a century dating all the way back to the suggestions by Taylor that unsaturated active sites at the atomic level can control the surface chemical reactivity. 1 The phenomena was discussed in further detail by Boudart who went on to classify reactions in terms of their structure sensitivity or structure insensitivity. 2 The generality of this approach was later discussed by Yates. 3 The advent of ultra high vacuum (UHV) technology and surface science methods applied on well defined single crystals has made it possible to establish direct links between the atomic level reactions and heterogeneous catalysis. Such comparisons were pioneered by Goodman and his co-workers for the methanation reaction, CO + 3H 2 -CH 4 + H 2 O, 4 over nickel and ruthenium. [5] [6] [7] In these studies, single crystals were prepared under UHV and the reactivity was measured at a pressure of nearly one bar. Surfaces such as Ni(111), Ni(110), Ru(001) and Ru(110) were investigated and a reasonable good correspondence to the activity of heterogeneous catalysts consisting of supported nanoparticles was found. Since no particular differences in reactivity between the different surfaces were identified, it was concluded that the methanation reaction was structure independent. This was puzzling since the methane dissociation, which is the rate limiting step in the reverse reaction (the steam reforming process) was found also by Goodman and coworkers to be structure dependent. 8 Here, significant differences between the dissociation probability of methane on Ni(111), Ni(100), and Ni(110) were found. However, within the last decade it has been realized that even small amounts of defects may actually completely dominate the reactivity of such planar surfaces. For instance, it was shown by combining surface science work and density functional theory (DFT) calculations that mono-atomic steps were at least nine orders of magnitude more reactive than the terrace sites for the dissociation of nitrogen on ruthenium. This dramatic effect was found to originate from a combination of an electronic effect due to the change in the electronic structure of the undercoordinated step atom and a geometric effect from having a reaction site offering five Ru atoms instead of only four on the terrace. 9 With such differences in activity, the small amounts of steps and defects that are always present on even the best single crystal surfaces may completely dominate the reactivity and render more subtle differences e.g. between Ni(111) and Ni(110) surfaces completely insignificant. Subsequently, the structure dependence has been investigated for both the steam reforming process and the methanation reaction [10] [11] [12] and in both cases the structural dependence is very clear. The rate limiting step for the methanation reaction is generally believed to involve the dissociation of CO. 11, 13, 14 Recently, it was shown that on nickel under UHV conditions, the reaction pathway involves CO dissociation while at high pressure and in the presence of hydrogen, a COH intermediate is the precursor for dissociation. 11 The latter was deduced from measurements on catalysts combined with DFT calculations. There is therefore a need to further confirm, by combining the detailed insight single crystal experiments provide with high pressure experiments as performed initially by Goodman and co-workers 5 that the steps are also dominating under conditions where the COH reaction pathway may prevail.
The methanation reaction is a technologically important reaction used in industry to remove CO and CO 2 from the hydrogen supply for ammonia production. 15, 16 The process has also recently gained much interest since it is proposed to replace the preferential oxidation of CO (PROX) 17 for removing similar remote amount of CO from the hydrogen feed to Proton Exchange Membrane Fuel Cells. 18 Methanation is also used in connection with gasification of coal, where methane is produced from synthesis gas 19 and in relation to Fischer-Tropsch synthesis. 20 Nickel is used as the preferred methanation catalyst due to its selectivity towards methane and its favorable price, but the reactivity of ruthenium surpasses that of nickel. [21] [22] [23] Ruthenium may therefore be used where the advantage of the higher reactivity and/or resistance towards carbon deposition overrules the disadvantage of the price.
In this work, the methanation reaction over ruthenium has been studied to gain fundamental insight into the reaction mechanism and the active site of the methanation reaction. Yates and co-workers have previously used isotopic scrambling and infrared spectroscopy of labeled CO to demonstrate that CO dissociates at the steps on ruthenium, 24, 25 and recent data in our group confirm this result. 26 We have chosen to work on a stepped single crystal, and to either decrease the number of available steps by adsorbate blocking or to increase the step density by argon sputtering. Different adatoms can be chosen in a step-blocking experiment. We have chosen to use sulfur which is a well-known inhibitor or poison to active sites in general 23, 27, 28 due to its strong interaction with undercoordinated sites. 29, 30 In particular for the methanation reaction over ruthenium, Goodman and co-workers have shown that less than 5% of a monolayer of sulfur was needed to poison up to 70% of the methanation activity on a Ru(001) crystal, see ref. [31] [32] [33] and references therein. This effect was explained by a change in the electronic structure of up to ten surrounding ruthenium atoms, which was a reasonable explanation at that time. More recently, however, it has become clear that such interactions will be screened out at longer distances in metallic systems, and probably only have an influence on nearestneighbors (see ref. 15 and references therein). The stepblocking experiment requires an adsorbate which sticks to the steps even under reaction conditions at high temperatures and pressures. In the study of nitrogen dissociation on ruthenium we used gold to block the ruthenium steps, 9 but we have strong evidence that CO can push the gold atom away from the step due to the strong interaction of the CO with the step at high pressures. Such an effect has been observed by STM in the Besenbacher group for gold on Ni(111), 34 and we therefore refrain from using gold and use sulfur as our stepblocking agent instead.
With the purpose of increasing the number of step sites we sputter-damage our surface. One could also have chosen a single crystal with a larger miscut angle compared to the low index surface normal. In that case, however, care should be taken because highly stepped single crystals may not be stable at the temperatures and/or pressures used for these reactivity studies, since gas can introduce reconstructions and redistribution of material on the surface. [35] [36] [37] When performing reactivity measurements it is very important to be able to control where the reaction products come from. In the following we shall distinguish between a global and a local measurement: In a global measurement all the reaction products originating from anywhere in the reaction cell are measured. Here it is not possible to know if the products come from the front-side surface under investigation, from the rim or backside of the sample, from the heating system (e.g. hot filaments), from the thermocouple attached to the crystal, or even from the walls of the reaction cell. For example, Madey and co-workers have shown that there is a significant activity measured from a tungsten surface. 38 The local measurement is performed by positioning a capillary connected to a quadrupole mass spectrometer (QMS) very close to the single crystal surface. More details will be given below.
The work presented in this paper is the first to measure the difference between the methanation activity on ruthenium terraces and surface defects such as steps and kinks at pressures up to one bar. This is done by comparing global and local measurements of the reactivity, which allows us to conclude on the active site for the methanation reaction, and to measure the effect of decreasing and increasing the number of defect sites using sulfur and sputtering, respectively. The interpretation is furthermore supported by computational fluid dynamics (CFD) calculations (see Supplementary material) confirming that an adequate separation of the signals is possible and that the assumed pressures and temperature gradients are valid.
Experimental
All the experiments are conducted in a stainless steel UHV chamber. Auger electron spectroscopy (AES) is used to characterize the surface composition using a Perkin Elmer cylindrical mirror analyzer. The sample is a Ru(0 1 54) disc shaped single crystal supplied by Mateck, with a diameter of 10 mm and a height of 4 mm with only the front surface polished. Consequently, it has an average step density of 4% with terrace widths of approximately 27 atoms. The rest of the crystal is not polished. The sample was mounted with a tungsten filament which was used for direct current heating. A C-type (tungsten, 5% rhenium and tungsten, 26% rhenium) thermocouple was spot welded on to the side of the single crystal. This type of thermocouple does not contain Ni which could form nickel carbonyls in the presence of CO gas, 39 resulting in nickel contamination of the ruthenium surface.
Initially, the ruthenium crystal was cleaned by extensive sputtering and annealing cycles in oxygen to remove carbon. 26 The crystal was cleaned before reactivity measurements in the following way: First, an oxidation step at 1450 K in 10 À7 torr oxygen for 2 min was performed to remove sulfur residues. Then, the surface was sputtered with 1 keV argon ions at 4488 Phys. Chem. Chem. Phys., 2011, 13, 4486-4493
This journal is c the Owner Societies 2011 800 K for 30 min. The sample was then heated in 10 À7 torr oxygen to 1100 K for 10 min to remove carbon which is the primary bulk contaminant. After this, any remaining oxygen on the surface was removed by dosing hydrogen for 30 min at a pressure of 10 À6 torr. Finally, the sample was annealed for 1 min to 1200 K to remove any oxygen residues. This step furthermore anneals out any remaining defects generated by the sputtering. In order to check that this cleaning procedure did not result in any remaining carbon, an oxygen titration experiment (not part of the standard cleaning procedure) was performed, and no carbon residues were detectable. The titration method was previously demonstrated on the same setup to have a carbon sensitivity below 0.001 ML. 39 Following the cleaning procedure, a temperature programmed desorption (TPD) experiment with CO was performed. The TPD curve shape is very sensitive to how well-ordered the surface is. Our CO TPD curves resemble previously published curves from well ordered Ru(001) surfaces. 25, 40 After this cleaning procedure the structure of the surface e.g. the average terrace width remains the same according to scanning tunneling microscopy performed on a similar crystal. 41 A high pressure cell made from nickel-free steel was connected to the UHV chamber, see Fig. 1 , and two quadrupole mass spectrometers were used, a Baltzers 125 and a Baltzers 400, ensuring simultaneous measurements of the local and the global reactivities. Pressures up to one bar could be reached. The pressure is limited only by the bellows and the windows of the HPC. In the HPC, an aluminium nozzle is positioned right above the sample with its long axis normal to the surface. Aluminium with a purity better than 99.999% was used since it was previously found that aluminium alloys could be a source of sulfur and Mg when heated during experiments. The aluminium nozzle can be positioned relative to the ruthenium surface by a linear motion. The reaction gas is let into the HPC through the nozzle. Inside the nozzle, a Pyrex capillary is mounted concentrically. An additional bellow allows the capillary to move relative to the position of the nozzle. The gas outlet is at the bottom on the HPC together with an argon inlet and an optical feedthrough. When the nozzle is close to the sample and the inlet flow is high, the flow below the nozzle will separate the detection volume of the capillary from the surroundings by creating a diffusion barrier. This is described in more detail in the supplementary material. The result is that the QMS connected to the capillary primarily measures locally on the well-defined front-side of the crystal whereas the second QMS measures on the gas outlet, corresponding to a global measurement as illustrated in Fig. 1 . Previously, this method has been employed in the study of the reactivity of alloy spots supported on a graphite surface, 42, 43 but it has not been used for metallic single crystals before.
All reaction gases used on the chamber were of high purity (99.995% or better). Before entering the HPC, the CO gas was cleaned additionally by using an activated carbon trap, then a cooling trap to condense nickel carbonyls and hydrocarbons, and finally a Pall Mini-Gaskleen purifier which removes any additional nickel carbonyls. Nickel carbonyls may be formed when having high pressures of CO in stainless steel tubes and result in very reactive adatom adsorption and hence faulty enhancement of the apparent surface reactivity. 39, 44 When using the additional cleaning precautions described above we did not detect any nickel with AES after a methanation experiment. All tubes containing high pressures of CO following the traps, were made from copper. The hydrogen for the HPC was cleaned using an activated copper catalyst.
Methanation was performed at a pressure of 1 bar in a flow of 100 ml min À1 hydrogen and 1 ml min À1 CO. An argon flow of 1.6 ml min À1 was let directly into the HPC, bypassing the inlet nozzle. This was done to establish an appropriate background measurement for each of the local reactivity measurements (see supplementary material). The temperature was varied between 500 K and 700 K in intervals of 25 K. In order to improve the signal-to-noise ratio of the methane signal, the mass-to-charge ratio of 15 was monitored in the mass spectrometer and will be reported in the following (the mass-to-charge ratio of 16 may have contributions from e.g. O 2 , CO, and H 2 O).
The mass spectrometer signal for a mass-to-charge ratio of x denoted I x depends on the gas density, and therefore on the absolute gas temperature which is identical to the temperature at the tip of the capillary, T, and the partial pressure of the gas, p x , according to this equation: where s x is a sensitivity factor and a is close to 1. 45 For simplicity, it is assumed that only one gas is contributing to I x . By normalizing the mass spectrometer signals to the one obtained from hydrogen, which has a known, near constant partial pressure, it is possible to remove the temperature dependence. Hence,
The methane signal was calibrated against a known partial pressure of methane, and the amount of CO consumed was found to be equal to the amount of methane produced. After a methanation experiment, the amount of carbon deposited during the reaction was determined using oxygen titration. While keeping the sample at 700 K, oxygen to a pressure of 1.5 Â 10 À7 torr was introduced into the chamber and the resulting CO desorbing from the surface was quantified with the QMS. As mentioned previously, this titration method has a carbon sensitivity down to 0.001 ML. 39 Sulfur was deposited on the ruthenium surface from doses of hydrogen sulfide at a pressure of 5 Â 10 À8 torr while keeping the surface at 600 K. To ensure a uniform sulfur coverage on both sides, the sample was turned halfway through the dosing period to avoid a higher concentration on the surface facing the doser. The gas system for handling the H 2 S gas was totally disconnected from the regular gas handling system to avoid sulfur contamination of the high purity reaction gasses. The amount of sulfur on the sample was quantified with AES and coverages down to 0.04 ML were detectable (1 ML is defined as the Ru(001) surface density of 1.58 Â 10 19 m À2 ). This rather high detection limit is due to the energy overlap of AES peaks for sulfur and ruthenium. The sulfur coverage, however, was linearly proportional to the dosing time for the short exposures, so for sulfur depositions aiming at coverages below 0.1 Ru ML, only the dosing time was used for quantification. The saturation coverage of sulfur on Ru(001) is 0.5 ML. 46 The heating filaments used on the setup were made of tungsten, and since tungsten is known to act as a methanation catalyst, 38 it was important to check that the contribution to the measured activity from these filaments was negligible. For this purpose, an infrared laser was used to heat the backside of the crystal instead of running current through the filaments. The laser was an Amtron LS453 laser with a wavelength of 940 nm. The crystal was held at a temperature of 520 K using a laser power of 22 W, and both the local and global methane signals were now monitored while switching between laser heating and filament heating, keeping the sample temperature constant. No considerable changes to the local or global methane signals were observed, and we therefore conclude that the filaments or other hot spots in the vicinity do not contribute significantly to either the global or local reactivity measurements.
Results
In Fig. 2 , the raw global ( Fig. 2A) and local (Fig. 2B ) QMS signals for hydrogen (2 AMU), CO (28 AMU), and CH 4 (15 AMU) are shown. The signals are shown as a function of time, while the temperature as shown in Fig. 2C is first increased to 700 K and subsequently decreased to 400 K in steps of 25 K or 50 K. At 700 K, a clear methane production is seen which decreases with decreasing temperature. Several masses in addition to the ones shown in Fig. 2 were measured and at no time did we detect higher masses corresponding to longer hydrocarbon chains. Along with the increase in the methane signal, the CO and hydrogen signals decrease. The majority of this drop is, however, not due to the consumption of the gas (even at full conversion, only 3% of the hydrogen signal should disappear and this would hardly be visible in the figure) but merely due to a local heating of the gas with a resulting decrease in density, see eqn (1) .
The amount of carbon on the surface after methanation is expected to be very low due to the surplus of hydrogen which will react off any remaining carbon and form methane. The lack of carbon is verified by performing an oxygen titration experiment, and the carbon coverage after methanation was found to be less than 0.01 ML.
Activation energy
The global and the local methane signals are proportional to the methane concentrations, which again are proportional to the methane formation rate. It is therefore possible to construct an Arrhenius type plot of the methane concentration as a function of the temperature and thereby extract apparent activation energies.
The global signal is directly converted to a concentration using the ideal gas law, but unintended contributions to the local signal from the global reactor (see further discussions of this in the Supplementary material) must be subtracted before converting to a local concentration. The global contribution to a local signal is determined in each experiment by backfilling the HPC with argon and measuring the resulting local argon signal. The ratio between the local and the global argon signals are now used to scale the global methane signal and subtract this contribution to the local signal.
The average of six measurements of the methane concentration is plotted in Fig. 3 as a function of the inverse sample temperature. The blue points are the global measurements and the red points are the local. Both sets of data are seen to show Arrhenius behavior in parts of the temperature range. The error bars shown are the standard deviation on the average of the concentration values for each temperature. Above 650 K, the global signal levels out as it approaches full conversion, whereas the local methane concentration continues to increase up to the maximum temperature of 700 K. At temperatures below 550 K, the local measurements level off as it reaches the noise level of the QMS. The apparent activation energies can be extracted by fitting the Arrhenius equation to the data. The global activation energy was found to be 0.83 AE 0.02 eV fitted from 500 K-625 K, whereas the local activation energy was found to be 0.72 AE 0.10 eV fitted from 550 K-700 K. The fitting intervals are indicated with straight lines in the figure. The error bar on the activation energy is based on the error bars of each data point. The relative standard deviation on the global activation energy is much smaller than for the local 4490 Phys. Chem. Chem. Phys., 2011, 13, 4486-4493 This journal is c the Owner Societies 2011 activation energy because the local signal is much smaller on an absolute scale than the global one.
The TOF calculated from eqn (5) in the supplementary material, using the global concentration (proportional to the rate) assuming a ruthenium surface density of 1.58 Â 10 19 atoms m À2 is found to be between 68 and 0.6 molecules/atom/s in the temperature range from 700 K to 500 K.
Sulfur poisoning
In order to block surface defects, hydrogen disulfide is dosed resulting in adsorbed sulfur, initially at the step sites. Measurements of the methanation reaction rate at 550 K are then carried out in the HPC as a function of sulfur coverage, see Fig. 4 . Both the local and the global signals decrease upon addition of even small amounts of sulfur. The local methane activity decreases by close to 50% at a sulfur coverage of 0.01-0.02 ML, after which it decreases more slowly to 25% of the initial value at B0.10 ML sulfur. The global reactivity decreases slower by B10% after adsorption of B0.01-0.02 ML, and reaches half its original value after adsorption of B0.1 ML. At a sulfur coverage close to saturation at 0.5 ML, both the local and global signals are less than 5% of the initial value of the clean ruthenium surface. At zero sulfur coverage, the average of six measurements is plotted along with the standard deviation. Since the methanation reaction of a clean surface is extremely sensitive to the defect level and in particular to the cleanliness, even remote amounts of impurities or changes in preparation of the surface may lead to fluctuations, reflected in the rather large error bar on the reactivity of the clean crystal. This error bar is only used at the clean surface since small sulfur residues on a crystal which already contains sulfur are not significant.
Effect of sputtering
As previously mentioned, adding more defects to the surface can also give valuable information about the active site. The cleaned ruthenium surface was therefore sputtered, after cleaning, at 300 K for 30 min with 1 keV Ar + ions, and the methanation rate was then measured in the HPC. In Fig. 5 , both the local and the global methane concentrations (rates) for the sputtered ruthenium surface are shown along with results for the clean surface and the sulfur covered one (B0.05 ML) from Fig. 4 . It is seen that the local activity of the Fig. 2 The measured global (A) and local (B) QMS signals are shown as a function of time. At t = 600, the temperature (C) is increased to 700 K, and decreased in steps down to 400 K. The hydrogen signals (mass 2) are black, the CO signals (mass 28) are blue, and the methane signals (mass 15) are red. Fig. 3 An Arrhenius plot of the methane molar fraction which is proportional to the rate (see text). The blue points are the global measurements and the red points are the local measurements. The activation energies are the average apparent activation energy from many experiments. The lines indicate in what temperature interval the activation energies are calculated. The error bars are the standard deviation of six different experiments. The insets show where in the reactor the concentration was measured. Fig. 4 The methane molar fraction at 550 K normalized with the hydrogen signal as a function of sulfur coverage. The blue points are the global measurements; the red points are the local. The points at zero sulfur coverage are averages of six measurements. The error bar is the standard deviation of these six measurements. The lines are just to guide the eye. Notice the break in the sulfur coverage axis between 0.15 ML and 0.4 ML.
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Phys. Chem. Chem. Phys., 2011, 13, 4486-4493 4491 sputtered surface is twice that of the cleaned and annealed surface. There are indications as measured by TPD that the sputtering leads to more roughening, but the subsequent treatment in the high pressure cell seems to anneal the surface so that only a factor of two is observed. The additional drop by a factor of three when adding B0.05 ML sulfur as reported in Fig. 5 is also seen. The corresponding variation in the global rate follows the same trend, even though the variation is within the error bar of the measurements.
Discussion
According to Fig. 3 , concentration (rate) measurements show Arrhenius behavior over a 150 K wide temperature range. At temperatures above 650 K, the system was close to full conversion and the global rate levels out. The locally measured rate did not level out at this temperature, so this effect can be attributed to mass transfer limitations due to the consumption of the CO and not to changes of the ruthenium catalyst. Goodman and coworkers concluded that their methanation rate measured at a CO-to-hydrogen ratio of 1/4 leveled out due to carbon formation on the surface (at 10 torr this happened around 600 K). 5 We did, however, not observe significant carbon formation (the carbon formation was below 0.01 ML according to our oxygen titration experiments), and we attribute this to our much smaller CO-to-hydrogen ratio of 1/100. The fact that we also see a higher average TOF than Goodman and co-workers (0.002-10 s À1 in the same temperature range as our values of 0.6-68 s À1 ) can have two explanations: First of all we do not as mentioned earlier expect to see much inhibition since our CO pressure is substantially lower than that used by Goodman and co-workers. Secondly, our crystal is more defected than the one used by Goodman, i.e. Ru(001), and since such sites are more reactive, we should expect higher TOF values. The apparent activation energy for the global experiments of the methanation reaction found using the global signal to be 0.83 AE 0.02 eV is lower than the 1.2 eV found by Kelley and Goodman on Ru(110) and Ru(001). 5 This can be rationalized by their higher CO-to-hydrogen ratio, causing more CO to be present which can block reaction sites, and thus increase the apparent activation energy.
Measurements of the methanation reaction on ruthenium nanoparticles in the literature result in apparent activation energies from 0.8-1.2 eV depending on the gas compositions used. 21, 47, 48 In comparison, our data lies in the lower end of this range-however in agreement with these results, indicating that we probe the same type of active site as in the supported catalyst experiments. For the local measurements, the apparent activation energy was found to be 0.72 AE 0.10 eV. The activation energy is again in agreement with the methanation literature mentioned above though still in the lower end of the energy range. The relative error is seen to be larger for the local compared to the global results. This is due to the fact that the local methane signal is much smaller.
It is interesting to note that our activation energies are substantially smaller than the one found for CO dissociation under UHV conditions. 26 There, the experimental values were 1.3-1.5 eV while the theory predicted 1.4 eV. The much lower values consistently found for the methanation reaction is ascribed to COH being an important intermediate for which the barrier is substantially lower which we have previously found to be the case for methanation on nickel. 11 Sulfur poisoning of the methanation reaction was also previously studied by Goodman and co-workers. 31 They observed a rapid decrease in the methanation TOF with sulfur coverage. They suggested that the strong effect of sulfur was due to an electronic effect induced by the sulfur atom on the surrounding ruthenium atoms. In Fig. 4 , we report a similar strong effect of sulfur poisoning in agreement with Goodman and coworkers, and here our specialized setup enabling both a local and a global measurement reveal new insight: It is seen that the well-ordered surface of the crystal probed by the local measurement is severely affected by sulfur poisoning, decreasing the local reactivity to half its initial value with only 0.01-0.02 ML sulfur added to the surface. At the same time, the global measurement which primarily measures the reactivity of other rougher surfaces drops by only 10%. In a CO desorption experiment performed on a surface with either 0.04 ML sulfur or 0.04 ML carbon preadsorbed, the desorption peak attributed to dissociated CO is not present, indicating that the step sites are blocked by either sulfur or carbon. 25, 26 If the sulfur poisoning is due to an electronic effect, a rough and a smooth surface should be poisoned equally fast, and hence the global and the local reactivity behavior when adding sulfur should be the same. This is not the case as seen in Fig. 4 so we attribute the difference between the local and global sulfur poisoning behaviors to be due to the fact that methanation takes place at surface defects such as kinks and steps. Only small coverages of sulfur are needed to poison the steps on the well-defined front-side of the crystal, whereas the rough parts of the crystal need more sulfur to be passivated.
When the well-defined front-side of the crystal was sputtered the local methane signal increased by a factor of two, see Fig. 5 . This supports our interpretation since the Fig. 5 The methane concentration (rate) plotted for the sulfur covered, clean, and sputtered surfaces. The defect density is increasing towards the right. The red squares are the local measurements and the blue circles are the global measurements. The error bars are the standard deviation on the average of six measurements. Increasing the defect density increases the methanation rate. The lines are merely guides to the eye.
4492 Phys. Chem. Chem. Phys., 2011, 13, 4486-4493 This journal is c the Owner Societies 2011 number of defects increase. The defect density is probably increased more than a factor of two when sputtered, but when the crystal is heated at high pressure during the methanation reaction, many of these defects are expected to anneal out. The increase in the global methane signal after sputtering the frontside is only 10%. Since the area of the well-defined front-side of the crystal corresponds to 28% of the entire area, this reflects the difference in the defect density between the welldefined front-side and the rest of the crystal. So the global signal does not increase much because the reactivity of the well-defined front-side surface only contributes with a small amount to the global measurement. This illustrates the importance of performing a local measurement.
These experiments confirm the strong impact the number of surface defects has on the methanation rate-and also that highly specialized measurements with a high local sensitivity are needed to reveal this.
Conclusion
We have performed experiments in a specially designed HPC which enables simultaneous measurements of the reactivity at a local spot on the crystal and of the entire crystal and the surroundings.
It is clearly demonstrated that sulfur has a strong poisoning effect on the well defined surface. The drop in activity correlates with the defect density. The effect of sulfur on the global signal is much less pronounced.
It is clearly demonstrated that increasing the amount of defects with sputtering increases the reactivity of the surface.
Despite the fact that it is an experimental challenge to perform rate measurements on single crystals and in particular on species that constitutes a few percent of the surfaces, we are of the opinion that we here have demonstrated that the methanation reaction is extremely structure dependent. This suggests that whenever calculations and fundamental surface science experiments are performed on well defined systems the question should be posed: What is the role of the step and defect sites? They may not always be of importance since their higher reactivity may lead to blocking during the high pressure reaction. Nevertheless, the present study presents an example where such step and defect sites are of imperative importance for understanding the reaction pathway and the rate limiting step of the methanation reaction.
